Introduction
============

With the rapid development of technology for cardiac surgery, cardiopulmonary bypass (CPB) and anesthesia, the number of cardiac surgical procedures, particularly CPB, in China has significantly increased. Many patients suffer postoperative central nervous system complications ([@b1-ijmm-44-05-1866]). CPB open-heart surgery is complicated by postoperative cognitive dysfunction (POCD) manifesting in neurological and mental disorders, including dysmnesia, disorientation and visual-spatial ability ([@b2-ijmm-44-05-1866],[@b3-ijmm-44-05-1866]). POCD has become a leading cause of mortality and disability in patients following CPB open-heart surgery. The need to prevent and treat POCD initiated by CPB cardiac surgery has hindered the development of cardiac surgery.

Reactive oxygen species (ROS) are chemically reactive chemical species containing oxygen. ROS are implicated in mediating apoptosis, or programmed cell death, and ischemic injury. During CPB, ischemia and perfusion injury can activate neutrophils and lead to excessive ROS. ROS levels can increase markedly, causing damage in numerous cellular molecules, including lipids, proteins and DNA ([@b4-ijmm-44-05-1866]). Drugs with antioxidant properties may reduce ROS bursts and oxidative stress, reducing POCD during and following CPB ([@b5-ijmm-44-05-1866]).

Kappa opioid receptors (KORs) are important in regulating ischemic brain damage. Studies have confirmed that KORs alleviate brain damage and improve functional recovery in animal models with general and regional cerebral ischemia ([@b6-ijmm-44-05-1866],[@b7-ijmm-44-05-1866]). KOR agonists can significantly improve the hippocampal nerve damage caused by ischemia, thereby alleviating cognitive dysfunction ([@b6-ijmm-44-05-1866]). Another report shows that KORs are beneficial for the activation of hippocampal cholinergic neurons ([@b8-ijmm-44-05-1866]). KOR agonists can block the transport of acetylcholine through the KOR-mediated opioid nervous system to improve learning and memory dysfunction ([@b9-ijmm-44-05-1866]). However, the specific regulatory mechanisms by which KOR agonists improve cognitive dysfunction remain unclear.

The Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) signaling pathway is involved in the anti-inflammatory response following activation of the acetyl-choline receptor ([@b10-ijmm-44-05-1866],[@b11-ijmm-44-05-1866]). Numerous studies have confirmed that JAK2/STAT3 activation is involved in the anti-apoptotic process following transient focal cerebral ischemia ([@b12-ijmm-44-05-1866]). However, the potential effects of KOR agonists on POCD in CPB rats through the JAK2/STAT3 signaling pathway remain to be fully established.

In the present study, a model of POCD was established in CPB rats. Using this model, the effects of KOR agonists on neurological damage, brain damage, inflammation, oxida-tive stress and neuronal apoptosis were investigated, and the effect on JAK2/STAT3 signaling pathway-related proteins was further analyzed. The present study aimed to identify a novel therapy for POCD in CPB rats, which may provide theoretical and experimental evidence for the treatment of patients with POCD.

Materials and methods
=====================

Experimental animals and groupings
----------------------------------

A total of 50 male Sprague-Dawley rats (SPF grade), 6 months old, weighing 350-450 g, were provided by the Animal Experimental Department of the General Hospital of Northern Theater Command \[Shenyang, China; license for rodent use: SYXK (Military) 20120007; production license for rodents: SCXK (Military) 20120006\] in accordance with The Guide to the Care and Use of Laboratory Animals published by the Canadian Council on Animal Care. All rats were cultivated in individual ventilated cages at 24±2°C) and 40-70% humidity in a 12-h light/dark cycle. Standard pelleted chow and drinking water were available *ad libitum*. All animal protocols were approved by the Experimental Animal Ethics Committee of the General Hospital of Northern Theater Command (no. GHNTC2018018).

The rats were randomly divided into five groups (n=10): Sham operation (Sham group), CPB surgery (CPB group), KOR agonist (U50488H) + CPB (K group), KOR agonist (U50488H) + norbinaltorphimine (nor-BNI) + CPB (NK group), KOR agonist (U50488H) + JAK2-STAT3 pathway inhibitor (AG490) + CPB (AG group). In the K group, the rats were administered with an intravenous injection of U50488H (1.5 mg/kg, cat. no. 0495/25, Tocris Bioscience, Bristol, UK) 30 min before the CPB assay; in the NK group, an intravenous injection of U50488H (1.5 mg/kg) was administered when rats were catheterized, and nor-BNI (2 mg/kg, Sigma-Aldrich; Merck KGaA) was administered intravenously 30 min later; in the AG Group, U50488H (1.5 mg/kg) was administered intravenously when the rats were anesthetized and catheterized, and AG490 (5 mg/kg) was injected intravenously 30 min later. When the water maze test was completed, 7 days after CPB bypass, the rats were anesthetized and catheterized, 5 ml of blood was drawn through the right internal vein, and serum was separated by centrifugation at 500 x g for 5 min. The samples were stored at −80°C until examination. The bilateral hippocampus was immediately removed, with one side stored at −80°C and the other side fixed in 10% formalin at room temperature for 48 h.

Preparation of the CPB model
----------------------------

CPB surgery was performed as previously reported ([@b7-ijmm-44-05-1866]), with minor modifications. Briefly, the rats were injected intraperitoneally (i.p.) with 4% chloral hydrate (300 mg/kg; Shanghai Ziyuan Pharmaceutical Co., Ltd., Shanghai, China) to induce anesthesia ([@b13-ijmm-44-05-1866]). During surgery, anesthesia was maintained with isoflurane (MAC=1.5%, Hangzhou Minsheng Pharmaceutical Co., Ltd., Hangzhou, China). Photopic oral intubation was performed using a 16-G intravenous catheter, and animals were mechanically ventilated with a small animal ventilator (frequency, 60 beats/min; tidal volume, 3 ml/kg; inspiratory to expiratory ratio, 1:1.5) connected to a monitor to observe the heart rate, oxygen saturation and rectal temperature.

The puncture site was sterilized with iodophor (Shandong Lierkang Disinfection Technology Co., Ltd., Dezhou, China), followed by exposure and puncture of the vein. Right femoral vein catheterization (24-G) was performed to open the fluid path, which was transfused with 6% hydroxyethyl starch (Guangdong Jiabao Pharmaceutical Co., Ltd., Qingyuan, China) and connected to a microinfusion pump. The left femoral artery was catheterized (22-G) and used to monitor blood pressure. Coccygeal artery catheterization (22-G) and right internal jugular vein catheterization (18-G) were performed to drain blood for CPB. The drainage tube, a homemade blood storage device, a constant peristaltic pump (Baoding Longer Precision Pump Co., Ltd., Baoding, China), silicone tubing (internal diameter, 4 mm) and a rat membrane oxygenator (Guangdong Kewei Medical Instrument Co. Ltd., Dongguan, China) were installed between the two puncture sites to establish the CPB circuit. Heparin sodium (300 IU/kg; Shenyang Haitong Pharmaceutical Co., Ltd., Shenyang, China) was injected into the left femoral vein once the activated clotting time reached 480 sec.

CPB was performed with the membrane oxygenator to supply oxygen. The low-flow CPB velocity was 35 ml/kg/min, which was later increased to 100-120 ml/kg/min at full-flow bypass. To prevent air embolism, 1-2 ml of blood was retained in the blood storage device. The mean arterial pressure was maintained at \>60 mmHg, partial CO~2~ pressure at 35-45 mmHg, base excess at −3-3 mmol/l mmHg, pH at 7.35-7.45 and hematocrit at \>0.25. The rats were treated with 2-20 *μ*g/100 g epinephrine hydrochloride (Wuhan Grand Pharmaceutical Group Co., Ltd., Wuhan, China) and fluids during surgery to maintain a stable circulation.

Water maze assessment
---------------------

After 24 h of CPB, the water maze test was performed for 7 days consecutively, which included hidden platform tests and space exploration tests. For the hidden platform test, the rats were placed into water from any quadrant facing the pool wall and made to swim for 90 sec to locate the hidden platform. The incubation period of escape was recorded as the time required to locate the hidden platform in the pool. If the platform was not found after 90 sec, the rat was directed to the platform and the score was counted as 90 sec. The rats were assessed for 5 days, with the first 4 days used for training. Any rats with a score of 90 sec were eliminated, and the test scores on day 5 were recorded as the spatial learning and memory scores of the animals.

For the space exploration test, the platform was removed 24 h after the hidden platform test had ended. The rats were placed in the water at the same place as previously, and their swimming paths were recorded for 60 sec. The duration of rats in the original station quadrant and the number of times the original station location was crossed were recorded. The trajectories of the rats were recorded, and information processing was performed using the Morris water maze video analysis system (WMT-100S, Taimeng).

Neurological function scores
----------------------------

After 1, 3, and 7 days of CPB model preparation, the Garcia score scale was used for detecting the neurological functions of the experimental animals ([Table I](#tI-ijmm-44-05-1866){ref-type="table"}) ([@b14-ijmm-44-05-1866],[@b15-ijmm-44-05-1866]).

Hematoxylin and eosin (H&E) staining
------------------------------------

The formalin-fixed tissue samples were placed in 70, 80, 90, 95 and 100% alcohol. Xylene was used to clear the sample. The samples were embedded into paraffin blocks, cut into 4-*μ*m sections and then dewaxed. Hematoxylin staining was performed for 5 min at room temperature, following which the slides were washed in PBS, immersed in 1% hydrochloric acid, stained with eosin for 30 sec and then dehydrated in gradient alcohol. Neutral gum was used for sealing. Pathological changes in each group of tissues were observed under a light microscope.

TUNEL assay
-----------

The *in situ* cell death detection kit (Roche Diagnostics GmbH, Mannheim, Germany) was used according to the manufacturer\'s instructions: The 5-*μ*m sections of paraffin-embedded hippocampal tissue were deparaffinized by dimethylbenzene for twice, 10 min per time, permeabilized by gradient elution of alcohol (100, 95, 90, 80 and 70%). The sections were treated with 50 *μ*l TUNEL reaction solution for 60 min in a humid dark box at 37°C. Subsequently, 50 *μ*l of streptavidin-HRP working solution was added to the sections in the dark box for 30 min. The nuclei were fluorescently stained with DAPI, followed by conventional dehydration, decolorization and fixation. The apoptotic rates were examined and images were captured using a light microscope (Olympus Corporation, Tokyo, Japan) at a magnification of ×400, and densitometric scanning was analyzed using the MetaMorph BX41 image analysis system (Olympus Corporation). A total of five images were captured randomly for each section at ×400 magnification and integral optical density was calculated using the microscopic image analyzer (MetaMorph BX41 image analysis system). The total nuclei and TUNEL-positive nuclei were counted, and the proportions of TUNEL-positive cells above the number in the untreated controls were calculated as follows: % apoptosis=(number of TUNEL-positive cells/total cells) ×100.

ELISA assessment
----------------

ELISA kits were used to detect inflammatory factors IL-1β (cat. no. CSB-E08055r, CUSABIO, Wuhan, China), IL-6 (cat. no. SEA079Ra, USCN, Wuhan, China), TNF-α (cat. no. SEA133Si, USCN) and IL-10 (cat. no. SEA056Ra, USCN) in rat serum, stress indicators superoxide dismutase (SOD; cat. no. SES134Hu, USCN), malondialdehyde (MDA; cat. no. CEA597Ge, USCN) and nitric oxide (NO; cat. no. IS100, USCN), and brain damage markers S-100β (cat. no. SEA567Ra, USCN) and neuron-specific enolase (NSE; cat. no. SEA537Ra, USCN). The kit was equilibrated to room temperature and the required reaction plate was removed. Subsequently, 100 *μ*l of the standard product and 100 *μ*l of the diluted sample were successively added to the well of the corresponding reaction plate, the plate was mixed by gently shaking for 30 sec and then incubated for 20 min at room temperature. The reaction plate was washed with a washing machine, following which 100 *μ*l serum was added to each well and incubated at 37°C for 2 h. The plate was washed, and l00 *μ*l HRP-labeled secondary antibody provided in the kit was added per well and incubated at 37°C for 30 min. The plate was washed and 50 *μ*l each of color developing solutions A and B were added for 15 min in the dark, following which 50 *μ*l of stop solution was added. The optical density (OD) value at 450 nm was read on a micro-plate reader (EXL808 BioTek Instruments, Inc., Winooski, VT, USA).

Using the OD value as the vertical coordinate and the standard concentration as the horizontal coordinate allowed for a standard curve to be drawn and the curve equation and r value to be calculated to determine the corresponding concentration values of each sample.

Immunofluorescence
------------------

The paraffin-embedded hippocampal tissues were dewaxed and placed into water and then immersed in 3% hydrogen peroxide solution for 15 min and washed with PBS. Subsequent antigen recovery was performed with 0.1 M sodium citrate solution. The tissues were blocked with goat serum (cat. no. SL038, Beijing Solarbio Science & Technology) at 37°C for 30 min and the serum was then decanted without washing. phosphorylated (p-)JAK2 (1:100, cat. no. ab32101, Abcam) and p-STAT3 (1:100, cat. no. ab76315, Abcam) antibodies were added for incubation overnight at 4°C. The following day, the sections were washed in PBS and then incubated with Goat Anti-Rabbit IgG H&L (Cy3^®^, 1:500, cat. no. ab6939) antibody at 37°C for 30 min and then washed again with PBS. DAPI dye at 300 *μ*M was added for 10 min at room temperature, following which the tissues were washed with PBS, sealed with neutral gum, and observed under a fluorescence microscope.

Western blotting
----------------

Following homogenization of the hippo-campus, pre-cooled RIPA (Thermo Fisher Scientific, Inc., Waltham, MA, USA, cat. no. 89900) lysate was added and was lysed on ice for 30 min. Following collection of the supernatant, the concentration of the collected protein solution was determined using a BCA (Thermo Fisher Scientific, Inc., cat. no. 23225) protein quantification kit. The proteins (30 *μ*g/well) were then separated by 12% SDS-PAGE electrophoresis and transferred onto a PVDF membrane. The membranes were blocked with 5% skim milk at room temperature for 1.5 h. JAK2 (1:2,000, cat. no. ab108596, Abcam), p-JAK2 (1:2,000, cat. no. ab32101, Abcam), STAT3 (1:2,000, cat. no. ab119352, Abcam), p-STAT3 (1:2,000, cat. no. ab76315, Abcam), Bc1-2 (1:1,000, cat. no. ab59348, Abcam), Bax (1:2,000, cat. no. ab32503, Abcam), pro-caspase-3 (1:1,000, cat. no. ab32150, Abcam) and cleaved caspase 3 (1:500, cat. no. ab49822, Abcam) primary antibodies were added for incubation overnight at 4°C. Following washing with PBS, Goat Anti-Rabbit IgG H&L (HRP, 1:10,000, cat. no. ab6721) antibody was added and incubated for 2 h at room temperature before developing ECL luminescence. A gel imaging system (Gel Doc™ XR; Bio-Rad Laboratories, Inc) was used for capturing images. Absorbance values were analyzed using ImageJ (v1.8.0; National Institutes of Health).

Statistical analysis
--------------------

Statistical analyses were performed using SPSS 19.0 (IBM Corp., Armonk, NY, USA) software. Multiple comparisons were analyzed with one-way analysis of variance, followed by an appropriate multiple comparison test (Tukey\'s procedure). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Successful preparation of the CPB rat model
-------------------------------------------

Compared with rats in the Sham group, there were no significant changes in rectal temperature, pH, partial pressure of carbon dioxide (PaCO~2~) or partial pressure of oxygen (PaO~2~) in rats in the CPB group, K group, NK group and AG group (P\<0.05), as shown in [Fig. 1](#f1-ijmm-44-05-1866){ref-type="fig"}. Compared with rats in the Sham group, the mean arterial pressure (MAP), heart rate (HR), left ventricular diastolic pressure (LVDP), highest rate of change in pressure development (+dP/dtmin) and hemoglobin (Hb) were decreased in the CPB group, and this effect was significantly reversed under KOR agonist treatment in the K group (P\<0.05) ([Fig. 1](#f1-ijmm-44-05-1866){ref-type="fig"}).

KOR agonists alleviate neurological dysfunction in CPB rats
-----------------------------------------------------------

The Garcia neurological function score of the CPB group was 3.2±1.1, which was significantly lower than that of the Sham group (P\<0.05; [Fig. 2A](#f2-ijmm-44-05-1866){ref-type="fig"}). When the KOR agonist was administered, the neurological score of rats in the K group (8.9±1.4; P\<0.05) was significantly higher than that of rats in the CPB group. The neurological function score of rats in the NK group was significantly lower than that of rats in the K group (2.9±0.9; P\<0.05). The water maze test was used to judge the cognitive function of the rats ([Fig. 2B](#f2-ijmm-44-05-1866){ref-type="fig"} and C). In the hidden platform training test, the latency in finding the platform in the CPB, K and NK groups were all prolonged compared with that in the Sham group (P\<0.05). The latency of finding the platform in the K group was significantly shorter compared with that in the CPB group (P\<0.05), whereas the latency of finding the platform in the NK group was significantly prolonged compared with that in the K group (P\<0.05). In the space exploration experiment, the duration the animal stayed in the original station quadrant and the number of times the original station in the target quadrant was crossed were significantly reduced in the CPB, K and NK groups compared with those in the Sham group (P\<0.05). The duration the rat remained in the original station quadrant and the number of times the original station in the target quadrant was crossed were significantly increased in the K group compared with those in the CPB group (P\<0.05). In the NK group, there were no significant changes in swimming distance or the duration the rat remained in the target quadrant compared with the CPB group (P\>0.05), although the time spent in the original station quadrant and the number of times the original station was crossed were lower in the NK group compared with those in the K group (P\<0.05). This suggested that KOR agonists can alleviate neurological dysfunction in CPB rats.

KOR agonists improve brain dysfunction in CPB rats
--------------------------------------------------

As shown in [Fig. 3A](#f3-ijmm-44-05-1866){ref-type="fig"}, H&E staining revealed that hippocampal neurons in the Sham group were arranged in a regular and tight manner with clear cell boundaries and intact cell bands. The cells were arranged neatly with a normal cell structure. Only a small number of inflammatory cells were present. The hippocampus in the CPB group exhibited severe damage, with disordered cells, widened intercellular spaces and increased astrocyte and vascular proliferation. In the Sham group, the nerve cells in the hippocampal region were normal, arranged regularly, exhibited staining of the cytoplasm, nuclei were round or oval and there were no obvious lesions. In the CPB group, the nerve cells were disordered with nuclei dissolution. Neuronal cell and cone cell death were observed and cell numbers were significantly decreased in the hippocampus. In the K group, the arrangement of cells in the hippocampus was more regular than that in the CPB group, and the number of degenerative/necrotic nerve cells was significantly lower.

Staining in the K group revealed less damage than that in the CPB group. The cells were arranged neatly and the cell band was incomplete. The NK group exhibited the most damage. The cells were sparsely and unevenly distributed, and the number of uneven cytoplasmic vacuoles was increased. This suggests that CPB can severely damage the hippocampus of rats, whereas KOR agonists can improve this damage. Compared with the K group, rats in AG group exhibited notable damage as that in NK group. The cells were scarcely and irregularly distributed and the number of uneven cytoplasmic vacuoles was increased ([Fig. 3A](#f3-ijmm-44-05-1866){ref-type="fig"}). To further examine the brain damage, changes in the expression of brain damage markers were detected by ELISA ([Fig. 3B](#f3-ijmm-44-05-1866){ref-type="fig"}). Compared with those in the Sham group, serum concentrations of NSE and S-100β were increased in the CPB, K and NK groups (P\<0.05). The serum concentrations of NSE and S-100β were significantly lower in the K group than in the CPB group (P\<0.05), whereas serum concentrations of NSE and S-100β were significantly higher in the NK and AG group than in the K group (P\<0.05), suggesting that KOR agonists can alleviate brain damage in CPB rats.

KOR agonists inhibit inflammation and oxidative stress in CPB rats
------------------------------------------------------------------

Inflammatory factors ([Fig. 4A](#f4-ijmm-44-05-1866){ref-type="fig"}) and oxidative stress factors ([Fig. 4B](#f4-ijmm-44-05-1866){ref-type="fig"}) in rat serum were tracked by ELISA. The concentrations of IL-1β, IL-6 and TNF-α were increased and that of IL-10 was significantly decreased in the CPB group compared with that in the Sham group. (P\<0.05). Serum concentrations of IL-1β, IL-6 and TNF-α were significantly decreased and that of IL-10 was significantly increased in the K compared with the that in the CPB group (P\<0.05). The analysis of oxidative stress factors showed that serum concentrations of SOD and NO were decreased and that of MDA was significantly increased in the CPB group compared with that in the Sham group (P\<0.05). The serum concentrations of SOD and NO were significantly increased, and the concentration of MDA was significantly reduced in the K group compared with that in the CPB group (P\<0.05). This suggests that CPB triggered severe inflammation and oxidative stress, both of which were reversed by KOR agonists.

KOR agonists improve neuronal apoptosis in CPB rats
---------------------------------------------------

Neuronal apoptosis in the brain tissue was observed by TUNEL staining ([Fig. 5A](#f5-ijmm-44-05-1866){ref-type="fig"}). The number of positive cells in the CPB group was significantly increased compared with that in the Sham group (P\<0.05). The number of positive cells in the hippocampal brain tissue was significantly lower in the K group than in the CPB group (P\<0.05), whereas the number of positive cells in the NK group was significantly higher than in the K group (P\<0.05). To detect neuronal apoptosis, the expression of apoptosis-related factors Bcl-2, Bax, pro-caspase-3 and cleaved caspase 3 were detected by western blotting ([Fig. 5B](#f5-ijmm-44-05-1866){ref-type="fig"}). Bcl-2 was significantly decreased and Bax was significantly increased in the CPB group compared with the Sham group (P\<0.05). The expression of Bcl-2 was significantly increased in the K group compared with that in the CPB group, whereas the expression of Bax was significantly decreased (P\<0.05). The expression of Bcl-2 was significantly decreased in the NK group compared with that in the K group, whereas the expression of Bax was significantly increased (P\<0.05). In addition, the expression of pro-caspase-3 was significantly decreased and that of caspase 3 was significantly increased in the CPB group compared with that in the Sham group (P\<0.05). The expression of pro-caspase-3 was significantly increased and that of cleaved caspase 3 was significantly decreased in the K group compared with that in the CPB group (P\<0.05). The expression of pro-caspase-3 was significantly decreased and that of cleaved caspase 3 was significantly increased in the NK group compared with that in the K group (P\<0.05). These results suggest that KOR agonists can inhibit neuronal apoptosis and prevent neuronal degeneration in CPB rats.

Effect of KOR agonist on the expression of JAK2/STAT3 signaling pathway-related proteins in CPB rats
----------------------------------------------------------------------------------------------------

Numerous studies have reported that the JAK2/STAT3 signaling pathway serves an anti-inflammatory role ([@b16-ijmm-44-05-1866]) and has anti-apoptotic effects in cerebral ischemic neurons ([@b17-ijmm-44-05-1866],[@b18-ijmm-44-05-1866]). Upon treatment with KOR agonists for POCD in CPB rats, western blotting ([Fig. 5B](#f5-ijmm-44-05-1866){ref-type="fig"}) revealed significantly increased levels of JAK2, p-JAK2, STAT3 and p-STAT3 in the hippocampus of the CPB group compared with levels in the Sham group (P\<0.05). The levels of p-JAK2, and p-STAT3 in the hippocampus of the K group were significantly decreased compared with those in the CPB group, and the levels were significantly higher in the NK group compared with those in the K group (P\<0.05). Immunofluorescence further validated this result ([Fig. 5C](#f5-ijmm-44-05-1866){ref-type="fig"}). The levels of JAK2 and STAT2 were not significantly altered among that in different groups. Therefore, KOR agonists may attenuate POCD in CPB rats through the JAK2/STAT3 signaling pathway.

KOR agonists improve POCD in CPB rats through the p-JAK2/p-STAT3 rather than JAK2/STAT3
---------------------------------------------------------------------------------------

JAK2/STAT3 signaling pathway inhibitors were administered as the AG group, then we identified that and it was found that the levels of hippocampal p-JAK2, p-STAT3, but not the levels of JAK2 and STAT3, were significantly decreased in the K group compared with those in the CPB group (P\<0.05). Compared with that in the K group, the hippocampus of rats in the AG group was still damaged, with some disordered cells, which exhibited increasing astrocyte and vascular proliferation ([Fig. 3A](#f3-ijmm-44-05-1866){ref-type="fig"}). The levels of p-JAK2 and p-STAT3 in the hippocampus of the AG group were significantly decreased compared with those in the CPB group (P\<0.05). On comparing the K group and AG group, the difference was not statistically significant (P\>0.05). There were no significant differences in the levels of JAK2 and STAT3 among the CPB, K and AG groups. Therefore, KOR agonists may improve POCD in CPB rats through the JAK2/STAT3 signaling pathway ([Fig. 5C](#f5-ijmm-44-05-1866){ref-type="fig"} and D).

Discussion
==========

In the present study, it was found that KOR agonists significantly improved cognitive dysfunction in CPB rats. S-100β and NSE detection showed that the KOR agonists alleviated brain damage in the CPB rats, and this result was reversed by KOR antagonists. KOR agonists significantly the reduced the inflammatory response and oxidative stress on ELISA detection. The KOR agonists were also detected to attenuate hippocampal neuronal apoptosis, as shown by TUNEL staining and western blotting, and downregulated the levels of p-JAK2, STAT3 and p-STAT3 compared with those in the CPB group. These results indicate that KOR agonists can improve cognitive dysfunction in POCD of CPB rats by inhibiting the JAK2/STAT3 signaling pathway. CPB technology provides an irreplaceable tool for doctors performing surgery ([@b19-ijmm-44-05-1866]). With the advancement of clinical medicine, CPB has been increasingly expanded into an important technology in clinical medicine ([@b20-ijmm-44-05-1866],[@b21-ijmm-44-05-1866]). However, with the increasing application of this technology, increasing complications are also being exposed ([@b22-ijmm-44-05-1866]). The perioperative period of CPB open-heart surgery, in-hospital mortality rates and postoperative complications have all decreased significantly. Only the incidence of neurological impairment has not declined, and neurological impairment can significantly increase in the perioperative period, with various complications and postoperative mortality, in addition to prolonged hospital admissions and an increase in the economic burden of patients. Permanent nerve injury not only reduces patient quality of life, but also requires re-admission to hospital and may even lead to death ([@b23-ijmm-44-05-1866]).

In the present study, the neurological function score and water maze test performance were assessed in in a POCD model in CPB rats. H&E and TUNEL staining were used to observe the hippocampus. Oxidative stress factors, brain injury markers, inflammatory factors, apoptosis and JAK2/STAT3 signaling pathway-associated proteins were examined to investigate the role of KOR agonists in the development and progress of POCD in CPB rats. A novel treatment for POCD was provided and its mechanism was examined.

The results of the study showed that KOS may be a suitable drug target in POCD therapy. In addition to central nervous tissues, KOR is expressed in the hippocampal dentate gyrus, hypothalamus, certain thalamic nuclei, cerebral cortex, caudate nucleus, olfactory bulb, nucleus accumbens and spinal cords in rats ([@b24-ijmm-44-05-1866]-[@b26-ijmm-44-05-1866]). U50488H, a specific KOR agonist, blocks the transport of acetylcholine through the KOR-mediated opioid nervous system, which inhibits the reduction of acetylcholine release caused by mecamylamine (an N-cholinoceptor-blocking drug), thus reversing the learning and memory damage caused by mecamylamine ([@b27-ijmm-44-05-1866],[@b28-ijmm-44-05-1866]). It has been shown that κ agonists can improve memory damage caused by μ agonists; their effect is not only opposite to the effect of μ receptor agonists, but they also regulate components of the μ system, such as anti-nociceptive effects ([@b29-ijmm-44-05-1866]). Studies on KOR intervention (U50488H) in ischemia-induced hippocampal nerve injury have shown that the agonist can significantly reduce cognitive dysfunction ([@b30-ijmm-44-05-1866]). The present study confirmed that KOR agonists in CPB rats can inhibit the inflammatory response, reduce oxidative stress, inhibit neuronal apoptosis and improve brain damage, thus reducing the occurrence and development of POCD in CPB rats.

The JAK2/STAT3 signaling pathway is an important pathway for the cholinergic anti-inflammatory pathway (CAP) ([@b31-ijmm-44-05-1866]). With expanding research on CAP, its protection of the brain has attracted attention. Studies have shown that the anti-inflammatory effects of JAK2/STAT3 are activated when the core α7 nicotinic acetylcholine receptor (α7nAchR) of the CAP is activated ([@b32-ijmm-44-05-1866],[@b33-ijmm-44-05-1866]). In addition to its involvement in the inflammatory response, the JAK2/STAT3 signaling pathway is involved in the anti-inflammatory response following a7nAchR activation ([@b34-ijmm-44-05-1866],[@b35-ijmm-44-05-1866]). Studies have confirmed that the JAK2/STAT3 signaling pathway is involved in the anti-apoptotic process of cerebral ischemic neurons ([@b36-ijmm-44-05-1866],[@b37-ijmm-44-05-1866]).

In the present study, it was shown that KOR agonists can improve POCD of CPB rats via the phosphorylation JAK2 and STAT3, rather than affecting their expression. The phos-phorylation or overexpression of JAK2 may be a mechanism of brain damage ([@b16-ijmm-44-05-1866]). Reducing JAK2/STAT3 phosphorylation can decrease neuronal death, narrow infarct size and prevent post-ischemic damage of nerve cells. Wang *et al* reported a significant neuroprotective effect by reducing the phosphorylation of STAT3 following cerebral ischemia through RNA interference ([@b38-ijmm-44-05-1866]). Others have found that electroacupuncture stimulation of focal cerebral ischemia at the Baihui acupoint and Dazhui acupoint in rats relieved nerve function deficit by reducing the expression of JAK2, preventing abnormal JAK2 activation and downregulating the phosphorylation of STAT3 ([@b37-ijmm-44-05-1866]).

In conclusion, the findings of the present study suggest that KOR agonists provide neuroprotective effects against POCD brain damage in CPB rats, which is partially mediated by inhibition of the JAK2/STAT3 pathway. The findings regarding the KOR agonist-mediated molecular mechanisms and signaling pathways provide novel insight into, and a novel therapeutic target for, POCD brain damage. Studies in the future should focus on other possible relationships between JAK2/STAT3 and PI3K/AKT/mTOR in the action of KOR agonists in POCD brain damage.
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![Changes in the hemodynamics of rats. Changes in the rectal temperature, HR, MAP, pH, PaO~2~, PaCO~2~, HB, LVDP and +dP/dtmax of rats in each group. ^\*^P\<0.05. CPB, cardiopulmonary bypass; KOR, kappa opioid receptor; K, KOR agonist + CPB; NK, KOR agonist + norbinaltorphimine + CPB; AG, KOR agonist + JAK2-STAT3 specific pathway inhibitor + CPB; KOR, HR, heart rate; MAP, mean arterial pressure; PaO~2~, partial pressure of oxygen; partial pressure of CO~2~; HB, hemoglobin; LVDP, left ventricular diastolic pressure; ns, not significant.](IJMM-44-05-1866-g00){#f1-ijmm-44-05-1866}

![KOR agonists can alleviate neurological dysfunctions in CPB rats. Water maze tests and neurological function scores were used to evaluate postoperative cognitive dysfunction. (A) Neurological function score. (B) Hidden platform training test. (C) Space exploration experiment. The red lines indicated the motion tracking of rats in the water maze test. ^\*^P\<0.05. CPB, cardiopulmonary bypass; KOR, kappa-opioid receptor; K, KOR agonist + CPB; NK, KOR agonist + norbinaltorphimine + CPB.](IJMM-44-05-1866-g01){#f2-ijmm-44-05-1866}

![KOR agonists can improve brain dysfunction in CPB rats. H&E staining was used to observe hippocampal neurons. ELISA was used to detect the levels of brain injury markers. (A) H&E staining (scale bar=50 *μ*m). (B) Brain damage markers detected by ELISA; ^\*^P\<0.05. CPB, cardiopulmonary bypass; KOR, kappa opioid receptor; NSE, neuron-specific enolase; K, KOR agonist + CPB; NK, KOR agonist + norbinaltorphimine + CPB; AG, KOR agonist + JAK2-STAT3 specific pathway inhibitor + CPB; AG, KOR agonist + JAK2-STAT3 specific pathway inhibitor + CPB; H&E, hematoxylin and eosin; JAK2, Janus kinase 2; STAT3, signal transducer and activator of transcription 3.](IJMM-44-05-1866-g02){#f3-ijmm-44-05-1866}

![KOR agonists can inhibit inflammation and oxidative stress in CPB rats. ELISA was used to detect the level of inflammatory factors and oxidative stress factors. (A) Inflammatory factors detected by ELISA. (B) Oxidative stress factors detected by ELISA; ^\*^P\<0.05. CPB, cardiopulmonary bypass; KOR, kappa opioid receptor; K, KOR agonist + CPB; NK, KOR agonist + norbinaltorphimine + CPB; SOD, superoxide dismutase; MDA, malondialdehyde; NO, nitric oxide.](IJMM-44-05-1866-g03){#f4-ijmm-44-05-1866}

###### 

KOR agonists can improve neuronal apoptosis and the effect of KOR agonists via the JAK2/STAT3 signaling pathway in CPB rats. TUNEL staining and western blotting were used to detect apoptotic factors and neuronal apoptosis. Western blotting was used to detect JAK2/STAT3 pathway-related proteins. Immunofluorescence was used to detect p-JAK2 and p-STAT3. (A) TUNEL staining (scale bar=50 *μ*m). (B) Expression levels of apoptosis-related proteins and JAK2/STAT3 signaling pathway-related proteins were detected by western blotting. (C) JAK2, p-JAK2, STAT3 and p-STAT3 in the hippocampus were detected by immunofluorescence (scale bar=50 *μ*m). (D) Levels of JAK2, p-JAK2, STAT3 and p-STAT3 in the hippocampus were detected by western blotting. ^\*^P\<0.05. CPB, cardiopulmonary bypass; KOR, kappa opioid receptor; NSE, neuron-specific enolase; K, KOR agonist + CPB; NK, KOR agonist + norbinaltorphimine + CPB; AG, KOR agonist + JAK2-STAT3 specific pathway inhibitor + CPB; AG, KOR agonist + JAK2-STAT3 specific pathway inhibitor + CPB; JAK2, Janus kinase 2; STAT3, signal transducer and activators of transcription 3; p-, phosphorylated; ns, not significant.
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###### 

Garcia score scale.

  Test item                                 0 point                            1 point                                     2 points                                                                  3 points
  ----------------------------------------- ---------------------------------- ------------------------------------------- ------------------------------------------------------------------------- --------------------------------------------------------
  Free in cage for 5 min                    No movement                        Rats almost unable to move                  The rats can move, with the range within three sides in cage              Range of movement reaches at least three sides in cage
  Movement symmetry of arms of legs         No movement of left lateral limb   Left lateral limb can move slightly         Left lateral limb can move slowly                                         Left lateral limb moves symmetrically
  Movement symmetry of forelimb             Left lateral limb cannot move      Left lateral limb can stretch gently only   Movement and stretch of right lateral limb are better than that of left   Both forelimbs can stretch symmetrically
  Climbing in metal cage                    No                                 Rats cannot climb                           Left limb slightly weak                                                   Rats can climb normally
  Response on touching both sides of body   No                                 No response on left side                    Weak response on left side                                                Symmetric response
  Whisker response                          No                                 No response on left side                    Weak response on left side                                                Symmetric response
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